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Cosmic Neutrino Background
Frozen-out at  ~1 s
Temperature
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#
𝑇$ ~1.95 K or 0.168 meV

Number Density
𝑛!~112 /cm3 per flavor

Momentum/Velocity Distribution

𝑣 ~4.106
𝑇!
𝑚!

For 𝑚! = 50 meV, 𝑣 /c~0.014

2Dicke, Peebles, Roll, and Wilkinson, 1965, 
“Cosmic Black-Body Radiation.,” Astrophysical J 142, 414.



Detecting CnB via Neutrino Capture
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* Weinberg,. Phys Rev 128, 1457–1473 (1962).        **Cocco, Mangano & Messina, J Phys Conf Ser 110, 082014 (2008). 
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Basic concepts for relic neutrino detection were laid out in a paper by Steven Weinberg 
in 1962 applied for the first time to massive neutrinos in 2007 by Cocco, Mangano, Messina

Gap (2m) constrained to 

m < ~200meV
from precision cosmology

Electron flavor expected with 

m > ~50meV
from neutrino oscillations

CnB Detection Requires: energy resolution 𝒪 10!"
KATRIN current upper limitation 0.8 eV/c2 Nature Physics 18,160–166 (2022)
à 0.2 eV/c2 Sensitivity Goal with ~1 eV energy resolution (~10!#)

PTOLEMY:
10!# × 10!$

compact filter + microcalorimeter

https://www.nature.com/nphys
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𝐸!"#$% = 𝑞 𝑉!&' − 𝑉!$()*# + 𝐸+,-"(( + 𝐸-$%HV
18.6kV

Target:
Relic Neutrino

Capture

RF Tracker:
Electron Pre-

Measurement

Dynamic Filter:
Selects endpoint 

electron in narrow 
10-4 energy window

Micro-calorimeter:
Measures 𝒪 eV
electron to 10-2

energy resolution



Recent Developments on PTOLEMY

• Prototype filter magnet completed and tested
• New TES performance – reaching 50 meV resolution for 15x15 µm2 @ 

52mK pixels
• New RF calculations and antenna simulations w/ Dutch collaboration 

on front-end processing
• End-to-end simulations in Kassiopeia for prototype
• >90% hydrogen loading on NPG graphene and theoretical 

developments on target physics
• Plans for LNGS full-prototype (funded by JTF)
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Electromagnetic Filters
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PTOLEMY ~1m3

Magnetic Adiabatic Invariance

No Collimation: -𝛻B⟂B 

Transverse Drift filter

respect to the magnetic field line. The perpendicular component is often referred to as the drift
velocity, VD. In equation (1), the four drift terms, from left to right, are given by (1) the E⇥B
drift; (2) the external force drift (such as gravity); (3) the gradient-B drift; and (4) the inertial
force drift.

The GCS description is valid in the limit that the E and B fields vary slowly spatially relative
to the cyclotron radius, ⇢c, and slowly in time, through the motion of the particle, compared
to the cyclotron period, ⌧c, namely:
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where the total variation per unit time seen by the particle comes from the variation in time
at a fixed point in space and the variation due to the displacement while the field is fixed in
time: d/dt = @/@t + V ·r. These conditions, if satisfied, allow the motion of the electron to
be accurately described by adiabatic invariants, and, in particular, the first adiabatic invariant.
The derivation of the first adiabatic invariant is found in these references [15,16] and follows from
the action-angle variable description of the Hamiltonian in terms of the gyroaction J ⌘ (mc/q)µ
canonically conjugate to the cyclotron phase angle, where µ, with magnitude µ, is the orbital
magnetic moment of the electron with respect to a magnetic field B. Starting with a non-
relativistic treatment, µ in the GCS frame is given by

µ =
mv⇤2?
2B

(4)

where v⇤
? is the instantaneous velocity of the electron perpendicular to the magnetic field line in

the GCS frame (starred quantities) and are related to the inertial frame instantaneous velocity
v = v? + vk by v⇤

? = v? � VD and v⇤
k = vk � Vk ⇡ 0. The angle, ↵, between v and B, also

equal to

↵ = arccos
vk
v

, (5)

is the pitch angle of the electron.

In the presence of a non-uniform magnetic field, the Hamiltonian term U = �µ ·B gives rise
to a total net force given by

f = �rU = �µrB . (6)

The parallel component, fk, is the well-known mirror force responsible for magnetic adiabatic
collimation and the magnetic bottle e↵ect for trapping charged particles in non-uniform mag-
netic fields. The perpendicular component, f?, is the source of the gradient-B drift. This drift
is particularly interesting for a filter since only non-electric drifts can lead to a change in total
kinetic energy. Drifts due to electric fields are always perpendicular to E by construction and
therefore cannot do any work – electrons under E⇥B drift follow surfaces of constant voltage.

More precisely, when accompanied by E ⇥ B drift, the gradient-B drift can do work on the
electron and reduce the internal kinetic energy of gyromotion for a corresponding increase in
voltage potential. This is described by, inserting terms from equation (1),

dT?
dt

= �qE · VD = �qE · (qE � µrB)⇥ B

qB2
=

µ

B2
E · (rB ⇥B) (7)

where T? is the internal kinetic energy of gyromotion in the GCS frame. The implementation
of this basic principle into a filter for PTOLEMY is described below.
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We design a 
demonstrator with an 
electromagnet, a 
vacuum system, and an 
electric field cage.
A C-type magnet with 
iron extensions is built 
to produce 𝐵( field 
with
• a strong, uniform 

field between poles,
• an exponential decay 
𝐵( field along +z,
• constant curvature.

Princeton Magnet design

7



Commissioning of the Princeton Magnet

8

The 𝐵. field was mapped out by digital 3-axis hall magnetic sensors.
Initial test at low power found good agreement between the measured and simulated fields.
A shorter version of filter was built for investigation.
Vacuum system is under design

JINST 17 P05021

Filter performance Improves as B2 for a fixed filter dimension 18.6 keV @ 1T à ~10eV (in 0.4m)
18.6 keV @ 3T à ~1eV (in 0.6m)
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Transition Edge Sensor Development
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TES Layout
Thermal bath

Si

Nb 
wiringTi 12 nm TES

Au 30 nm 

SiNX 500 nm

SiNX 500 nm

Area = 2500 µm2

Tc = 52 mK
EIR = 0.8 eV

DFWHM = 0.16 eV

TES	evaluated	initially	by	IR	photons	in	ADR	setup	at	INRiM

Optimize the thickness of Ti/Au to tune energy resolution  ∆𝐸 ∝ 𝑇#
$/&𝑡'/&, 

where 𝑡 is Ti Thickness.
Resolution of ~ mn: Area ~ 15 µm x 15 µm à Demonstrate with electrons
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Pitch 85 Long Trajectory

RF Calculation
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End-to-end Transport w/Kassiopeia

12



Zero-Field Calorimeter Transition
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LNGS Full-Scale Prototype

• Based on an initial test integration at Princeton:
• Iron-return flux magnet
• small planar 14-C target
• RF antenna and tracking system
• Cryostat
• Filter electron HV
• Tagging silicon detector

• Validate the construction design of the LNGS prototype and launch 
fabrication in Fall 2022
• Operate through 2024, then switch to superconducting coil

15



Laboratori Nazionali del Gran Sasso

PTOLEMY Collaboration Meeting in Amsterdam
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Telescopio di neutrini cosmologici

Cosmic neutrino telescope

Telescopio de neutrinos cósmicos

םיימסוקםינירטינפוקסלט

Kosmische neutrinotelescoop

Kosmisk neutrinoteleskop

https://indico.nikhe
f.nl/event/3724/
Key: RelicNeutrino!

https://indico.nikhef.nl/event/3724/


Spare slides
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QUANTUM SPREAD – Tritium on flat graphene

spatially localized tritium à uncertainty on tritium’s momentum * à spread in final electron energy 
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3He+ is mostly freed from the 
graphene à the cosmic neutrino 
peak disappears under the decay 
spectrum 

When the 3He+ remains bound in the 
ground state the peak is separated 
à it is however exponentially unlikely 

PTOLEMY
arXiv: 2203.11228

*Cheipesh, Cheianov & Boyarsky Phys. Rev. D 104, 116004



De-localized Atomic T Geometries
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~2Å flat potential – not chemically active



Relic Neutrino Sky Map
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Line-of-Sight

Line-of-Sight

Line-of-Sight

Tully, Zhang, “Multi-Messenger Astrophysics with the Cosmic Neutrino Background”, JCAP 06 (2021) 053

Simulation



Cosmic Neutrino Background
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Hydrogen
Chlorine

Gallium
Deuterium + Cherenkov

• The CNB is shown for a 
minimal mass spectrum 
here for 0, 8.6, and 50 
meV, producing a 
blackbody spectrum plus 
two monochromatic 
lines for nonrelativistic 
neutrinos with energies 
corresponding to their 
masses.
• Detection requires a 

reaction with no 
threshold.

Produce from RMP 92, 045006.



PTOLEMY Electromagnetic Filter
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𝑒!

𝐵∇𝐵

𝑉" =
𝜇
𝑞𝐵

𝐵×∇𝐵

𝐸

𝑉# =
𝐸×𝐵
𝐵$

Control electrons by:
• 𝐵 field
• Bounce	potential
Filter	(push	them	up	the	
potential	hill)	&	Guide	
them	to	the	colorimeter	
by:
• 𝐸×𝐵 drift
• 𝐵×∇𝐵 drift
• Curvature
𝐸×𝐵 term drifts along	
the	equal	potential	lines.	
Therefore,	combine	it	
with	𝐵×∇𝐵 term.

Side
View

𝜇 =
𝑇%
𝐵

𝜌& =
𝑚𝑣%∗

𝑞𝐵 ∝
1
𝐵



PTOLEMY EM Filter with 3 Channels

• To increase the acceptance for 
low pitch angle ones, we split the 
bounce direction into 3 channels 
(central, side).
• Electrons linger in the side well 

longer in a 3-channel design, s.t.
the parallel kinetic energy drains 
faster than the transverse one to 
avert a runaway drift.
• By raising the side well potentials, 

the electrons enter the side well 
with lower parallel kinetic energy 
than the single channel design.
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𝑒!

𝐵
Pitch angle
𝜃 = 60°

Top
View

arXiv: 2108.10388



PTOLEMY 3-Channel EM Filter

• An example of the trajectory (top 
view) of an electron with 𝜃 = 60° in 
a 3-channel filter.
• Both its parallel and transverse 

kinetic energies drains as it drifts 
along +z direction where the B field 
decays.

24
arXiv: 2108.10388 submitted to RSI



Filter Performance
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Improves as B2 for a fixed filter dimension
18.6 keV @ 1T à ~10eV (in 0.4m)
18.6 keV @ 3T à ~1eV (in 0.6m)

JINST 17 P05021



LNGS RF Setup
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4 Low voltage channels 

Signal injection: ~13 GHz

Frequency multiplier

Calibrated 1 cm 
water absorber

WR42 Waveguide 
from Princeton

Alfredo Cocco, George Korga, Marcello Messina 
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Doppler Shifting vs. Antenna Position

Antenna Angular Gain not yet applied – still evaluating options



• Atomic tritium Source
• No ro-vibrational modes in final state like for diatomic 

molecular source (4.7 eV covalent bond)
• Tritium load on graphene
• 0.7-1.0eV covalent  bond
• High coverage
• Stable at room temperature
• Polarized T -> directionality *

• Other ideas
• Au(111)
• Superfluid Helium

Tritium Source
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Courtesy: C. BICKEL/SCIENCE

Carbon 177 (2021) 244-251

n
pn

Y. Raitses et al.

*Lisanti, Safdi, and Tully, PRD 90, 073006 (2014)



Superconducting Coil Design
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Integrate into existing dual-SC magnet setup @ LNGS

Tapered dipole
or with counter-dipole



Large Area Target Design
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Target Area and Quantum Properties are final frontiers for PTOLEMY 

Order of magnitude higher 
target mass 
(as shown) than KATRIN

Yevheniia Cheipesh, Vadim Cheianov, Alexey Boyarsky, https://arxiv.org/abs/2101.10069
“Navigating the pitfalls of relic neutrino detection”

https://arxiv.org/abs/2101.10069
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CNB detection principles 
have evolved into concrete 
designs
Prototype construction has 
yielded good results with 
several publications.
We hope to enter an 
exciting new phase with 
PTOLEMY this year with a 
rich experimental program.
Please join us the PTOLEMY 
meeting in Amsterdam.
https://indico.nikhef.nl/eve
nt/3724/
Key: RelicNeutrino!
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Target
Source

RF

EM Filter

Microcalorimeter

https://indico.nikhef.nl/event/3724/

